A large number of scientific proposals made in the last few years are based on transport and manipulation of information using single quantum objects. Some of them make use of entanglement in pairs of particles such as twin photons.
Introduction
The number of scientific proposals based on transport and manipulation of information using single quantum objects has grown considerably in recent years. Impressive theoretical perspectives have been envisaged in many domains of quantum information (computation [1] , teleportation [2, 3] , cryptography [4] , metrology [5] ); nevertheless, experimental demonstrations and practical applications are still limited due to technological difficulties with present state-of-the-art devices (sources, detectors, fibred or free space transmission, optical elements).
In this paper we are concerned with the problem of sources: many of the quantum information protocols proposed up to now are based on the availability of sources of twin photon pairs; this kind of source can be used in single photon protocols (one photon is used to transport the quantum information and its twin to trigger a detector only when it is necessary, thus improving the signal to noise ratio) as well as in protocols that use the entanglement properties of the pair (polarization, energy-time, time-bin).
The most widely used means to produce photon pairs is parametric down-conversion, in which a photon with a frequency ω p , interacting with a nonlinear material, creates twin photons with frequency ω i and ω s such that ω p = ω i + ω s . The first kind of materials used to generate twin photons were birefringent nonlinear crystals; however the utilization of bulk crystals neither allows one to obtain high conversion efficiencies nor allows one to have an efficient collection of generated photons. The best way to solve these problems is to implement the down-conversion process in nonlinear waveguides. So far, the fabrication of periodically poled lithium niobate waveguides has permitted us to reach conversion efficiencies up to 10 −6 [6] . Semiconductors represent another 'privileged' material for achieving twin photon sources, as they present huge nonlinearities and they are laser materials; these potentialities open the possibility to realize integrated sources which could become important devices in the toolbox of quantum information experiments.
In this paper we present our latest advances in semiconductor twin photon sources. The materials used are GaAs and AlGaAs, their growth techniques being well mastered. An important condition to satisfy to have an efficient down-conversion process is the momentum conservation of the interacting photons. Whereas in bulk crystals this is usually obtained thanks to natural birefringence, GaAs is isotropic and alternative schemes of phase matching have to be used.
The remainder of this paper is organized as follows: in sections 2-4 we report the results obtained with devices based on form birefringence, modal phase matching, and counterpropagating signal and idler respectively; in section 5 we discuss and compare the characteristics of these three kinds of devices.
Form birefringence phase matching
Form birefringence phase matching is achieved by using the artificial birefringence of a composite multilayer material: the isotropy of bulk GaAs is broken by inserting thin oxidized AlAs (Alox) layers in GaAs. The idea has been proposed in a pioneering paper of Van de Ziel in 1975 [7] , but the experimental realization of form birefringence phase matching was achieved only in 1997, when the development of oxidation techniques [8] permitted the realization of a well suited couple of materials having a high nonlinear coefficient, and a high enough refractive index contrast was found [9] .
The principle of form birefringence can be understood by making some symmetry considerations on the crystalline structure on this new artificial material. The presence of thin Alox layers grown on a (100) GaAs substrate breaks the symmetry of threefold rotation axes of the GaAs and the point group of the composite material becomes42m, the same as for KDP. In this way we obtain a material with the same nonlinear properties as GaAs (the small zero contribution of the thin Alox layers can be neglected), and the linear optical properties of KDP.
For a periodic layered medium and a propagation direction as sketched in figure 1 (upper part), it can be shown that
with the period and h i (n i ) the thickness (refractive index) of the i th repeated layer (i = 1, 2; h 1 + h 2 = λ). Form birefringence (n TE -n TM ) occurs due to different boundary conditions for E TE and E TM , and increases with the index contrast of the two materials as shown in figure 1 (lower part) .
With such waveguides, difference frequency generation (DFG) [10] , second harmonic generation (SHG) [11] and parametric fluorescence (PF) [12] have been reported. Hereafter, we detail the results obtained for PF which is an interesting process for obtaining twin photons.
The sample used for PF is grown by molecular beam epitaxy on a GaAs(001) substrate. Its epitaxial structure is the following: 1000 nm AlAs/1000 nm Al 0.7 Ga 0.3 As/4× (37 nm AlAs/273 nm GaA)/37 nm AlAs/1000 nm Al 0.7 Ga 0.3 As/30 nm GaAs. This structure is designed such that, after oxidation, a type I degenerate three wave mixing at about 1064 nm (pump wavelength) is obtained. A CW Ti:Sa laser tunable from 950 to 1070 nm is coupled into a 3.2 mm long waveguide with a piezoelectric positioner and a standard 40× microscope objective. The PF signal is detected with a InSb detector, the pump being completely absorbed by a germanium filter. As expected from the selection rules imposed from crystal symmetry and phase matching, the signal and idler are TE polarized for a TM polarized pump. Due to the spectral broadening at degeneracy, typical of a type I process, we expect the spectrally integrated PF output to increase rapidly as the degeneracy is approached, whereas at longer pump wavelength almost no photons are generated because phase matched downconversion is forbidden. The corresponding measurement is shown in figure 2 , where the PF peak appears clearly and its shape is asymmetric with a sharp fall on the right-hand side. It has also been shown that the output signal power depends linearly on the pump power [12] , as expected in the low gain limit of a PF process. Figure 3 shows the temperature dependence of signal/idler wavelengths for a given pump wavelength. In the calculated curve, temperature variation of the waveguide effective indices is deduced by using the Gehrsitz model [13] .
The measurement of the normalized PF efficiency, defined as the amount of power carried by the signal wave divided by the waveguided pump power and normalized to the square of the sample length L, has given η PF = 6 × 10 −6 W W −1 cm −2 . The insulating nature of the oxidized layers of the Aloxbased device prevents the achievement of a highly compact electrically pumped device. A high degree of compactness is possible with another kind of heterostructure, based on modal phase matching, which is described in the next section.
Modal phase matching
In the modal phase matching scheme phase velocity mismatch is compensated by multimode waveguide dispersion, without S159 requiring any oxidation process. An important advantage of this solution is therefore its compatibility with an electrically pumped laser, which allows one to integrate lasing action and nonlinear effects. Our device is designed such that the effective index of the third order guided mode (TE 20 ) at 775 nm is the same as that of the fundamental modes (TE 00 and TM 00 ) at 1.55 µm. As a consequence, this configuration allows the parametric generation of twin photons at 1.55 µm, starting from photons at 775 nm in the third order mode [14] . Figure 4 shows the dispersion of the effective indices n eff for the modes involved in the frequency conversion process.
A quantum well is inserted inside the waveguide in order to provide the lasing action on the third order mode; this internal source for the parametric down-conversion endows this device with two main advantages: a high degree of compactness and the absence of pump coupling losses [15] .
The design of this heterostructure stems from several constraints.
(1) It is necessary to optimize the nonlinear overlap integral to have a good conversion efficiency. For this reason we choose a third order mode instead of a second order one. (2) It is necessary to insert inside the structure a quantum well emitting on the third order mode; this means that the third order mode has to have a strong overlap with the quantum well, whereas the fundamental mode has to be weak. This condition can be satisfied by designing a heterostructure as shown in the inset of figure 4. The peculiarity of this structure resides in the presence of the two 'barrier layers' which further the third order mode with respect to the fundamental one at the quantum well location (the electric field of the fundamental is reduced in the centre of the structure by these two low index layers). (3) Too high energy barriers at the hetero-interfaces should be avoided, as these could block the carrier transport towards the quantum well thus hindering the necessary radiative recombination. (4) It is also necessary to accurately optimize the refractive indices of the heterostructure layers to improve mode confinement thus reducing optical losses.
A subtle trade-off of all these constraints has recently allowed the realization of an electrically pumped laser device [15] . The laser diode is grown by molecular beam epitaxy on a GaAs substrate and processed for gain-guided operations. The epitaxial structure used is 1200 nm Al 0.98 Ga 0.02 As (cladding)/152 nm Al 0.25 Ga 0.75 As (generation layer)/138 nm Al 0.50 Ga 0.50 As (barrier layer)/10 nm Al 0.11 Ga 0.89 As (quantum well)/138 nm Al 0.50 Ga 0.50 As (barrier layer)/152 nm Al 0.25 Ga 0.75 As (generation layer)/1200 nm Al 0.98 Ga 0.02 As (cladding). The current aperture is realized by proton implantation into the upper cladding layer and ohmic contacts are deposited afterwards. The waveguide core is uniformly doped at 2× 10 17 cm −3 ; the cladding layers are gradually doped from 2 × 10 17 to 10 18 cm −3 . Figure 5 shows an image of the diode laser on its mount and the projection of the far field onto a screen: the emission on the third order is evident.
In order to demonstrate the presence of parametric effects inside the waveguide, a second harmonic generation (SHG) experiment has been realized on a sample having the same structure but without quantum well (in order to avoid the light absorption) [16] . The light of a CW Tunics Laser, tunable from 1.5 to 1.6 µm and with a spectral width of 2 kHz, is coupled to the waveguide via a 40× objective. The SHG signal is collected by a second 40× objective and detected with a p-i-n silicon photodiode connected to a lock-in amplifier. The input beam is linearly polarized at 45
• in order to couple TE and TM modes simultaneously. Figure 6 shows the intensity of the generated signal as a function of the pump wavelength.
An analyser inserted before the detector permits one to determine that the generated signal is TE polarized, which demonstrates that the observed SHG is a type II process.
The signal has a (sin x/x) 2 shape, which is the signature of a phase matching resonance. In our case the signal is modulated by a Fabry-Perot transmission function as the fundamental beam is subjected to multiple reflections from the waveguide facets.
The internal SHG efficiency has been estimated to be η = 30% ± 5% W −1 cm −2 . This value is smaller than the one obtained in section 2 for two main reasons: firstly, the nonlinear overlap is smaller in the present modal phase matching scheme (where the interacting modes are the third and the first order modes); secondly, the third order mode may present important optical losses (which are not taken into account in the efficiency estimation) due to a bad confinement or to the presence of defects in the cladding layer.
From the SHG efficiency we can deduce the PF efficiency with the formula η PF = PPF PP L 2 = η P 0 [16] , where P 0 is the vacuum fluctuation power, which depends on the bandwidth of the process. Since here the latter is estimated as around 15 THz, we expect η PF ∼ 6 × 10 −7 W W −1 cm −2 . The observation of a PF signal requires that the laser emission wavelength (λ em ) corresponds to the phase matching (λ PM ). This condition can possibly be satisfied by using temperature as a parameter to tune the two wavelengths. Unfortunately, for the sample described in this section, it is not possible to satisfy the condition λ em = λ PM for a temperature value which allows a good laser operation, and for this reason we have not measured a PF signal yet. It is clear that an important point for our devices is their sensitivity to the variations of the structure parameters. In particular, as shown in section 5, form birefringent and mode matched devices are quite sensitive to the layer thicknesses,. A much more stable device, based on a counterpropagating signal/idler geometry, is presented in the next section.
Counterpropagating signal and idler phase matching
The last phase matching scheme we present here rests upon the generation of guided wave counterpropagating signal and idler in the waveguide, from a pump beam which transversely illuminates the waveguide [17, 18] . Three kinds of semiconductor materials are currently studied in our group: AlGaAs for down-converted photons around 1.55 µm [19] , and GaN and ZnSe for an emission around 800 nm [20] . All these materials lead to type II parametric interactions, where one of the down-converted photons is TE polarized, and the other one is TM polarized. This implies that there are two ways to cancel the phase mismatch in the z direction k = k P sin θ + k I − k S : either the signal is TE polarized and the idler is TM polarized (which we shall refer to as 'interaction 1'), or the signal is TM polarized and the idler is TE polarized ('interaction 2'). In figure 7 the two possible interactions are shown.
The central frequencies for the signal and the idler are determined through the conservation of energy and of momentum in the z direction, leading to the following equations:
These central frequencies obviously depend on the incidence angle θ of the pump beam, which provides a very convenient means to tune them.
In the x direction, the phase mismatch is simply k P cos θ and thus cannot be perfectly cancelled. In order not to be limited to waveguide thicknesses lower than the pump wavelength, we use a quasi-phase matching technique by designing the core of the waveguides as an alternation of λ P /2 layers with χ (2) nonlinear coefficients as different as possible. We have implemented a numerical model in order to evaluate the main characteristics of various structures of the waveguide as θ is changed: the central frequencies of signal and idler, their modal profiles, their spectral widths, the propagation of the pump beam through the structure and the efficiency of the process. We observe that X-shaped tuning curves occur, as expected in type II interactions; the difference between the degeneracy angles relative to interactions 1 and 2 is due to the modal birefringence in the waveguide.
The spectrum of the down-converted photons is given by the usual function sinc 2 ( k L/2), where L is the waveguide length. One of the main advantages of counterpropagating geometry arises from the rapid increase of k when one moves off from perfect phase matching, which leads to a very narrow bandwidth for the down-converted photons. This is favourable for this device, as chromatic dispersion can cause problems for some applications. For example, quantum cryptography schemes implementing phase or phase-and-time coding rely on photons arriving at well defined times, i.e. well localized in space. In dispersive media, like optical fibres, different group velocities are a source of noise for the localization of the photons; for this reason the broadening of the photon bandwidth must be circumvented or controlled [4] .
In our device the spectral width of the signal and idler is indeed given by
|L
where v gS and v gI are the signal and idler group velocities at perfect phase matching. For the above AlGaAs structure, we obtain a bandwidth of about 0.3 nm. We notice that, in copropagating geometry, the sum of the group velocities is replaced by their difference in the previous expression, thus increasing the spectral width.
Therefore, the interesting figure of merit for this kind of structure is the signal and idler generation efficiency per unit of bandwidth (W W −1 nm −1 ), for each interaction. The numerical results for the present AlGaAs waveguide are plotted in figure 9 . The sample modelled in this section has been fabricated and characterized by performing effective index and surfaceemitting second harmonic generation measurements. This work has confirmed the compliance with design specifications on phase matching wavelength and parametric gain; the results are given in [18] .
Finally, another interesting advantage of this scheme is that the combination of type II phase matching with counterpropagation for the signal and the idler leads naturally to polarization entanglement, as in the polarization-entangled photon pair source of Kwiat et al [21] . The photon pair is generated in a superposition of the states produced by interaction 1 and 2. The weight of each of those states in the total state vector is related to the efficiency of the corresponding interaction. Namely, after removal of the vacuum component, it can be written as
where |η i | 2 may be regarded as the efficiency of interaction i expressed in photon pairs per pump photon [18] .
Discussion and comparative analysis
So far we have presented the results we obtained until recently in the realization of twin photon semiconductor sources by using three different phase matching schemes. Now we want to discuss and compare the characteristics and performances of the devices presented in the previous sections. A summary of this discussion is given in table 1.
The first characteristic we want to point out is whether the source is an active or a passive device. In the case of form birefringence, the need for a pair of materials with a sufficient index contrast leads to the oxidation of the AlAs layers; therefore, due to the insulating nature of the oxide, it is not possible to have an electrical transport within the structure. We can possibly consider the option of an optical pumping, but a deep investigation is necessary to ensure that the proximity of the Alox is not a problem for the radiative efficiency of the emitters. For these reasons, the form birefringent device presented in this paper is passive. The whole design of our mode matched device is conceived such as to result in an active structure: laser emission and parametric down-conversion occur on the same chip. Our actual studies on counterpropagating signal and idler geometry, conversely, involve an external laser pump; a development of this device, including a VCSEL on the top of the waveguide, can be envisaged [22] . In this case the emitted photons will have a fixed wavelength as the angle of incidence would be fixed.
The twin photon wavelength range of the three devices described is linked to the transparency range for the materials used, the availability of pump source wavelength and the phase matching condition. The transparency range for AlGaAs is very broad: the limits are given by the phononic resonance (around 30 µm) and by the band gap energy. The direct band gap energy at room temperature goes from 1.42 eV (∼870 nm) for GaAs to 2.8 eV (∼443 nm) for AlAs [23] . In the domain of twin photon applications the devices realized up to now are thus well suited to the production of twin photons in the telecommunications range, for fibre transmissions. In the case of counterpropagating geometry we have also investigated the feasibility of a source for the silicon absorption band, for lineof-sight experiments in quantum key distribution. Numerical simulations show that a ZnSe/ZnMgSe structure would have the same overall efficiency as the AlGaAs structure. As regards the parametric efficiency of the three devices, a few remarks are in order: in the two cases of copropagating signal and idler (form birefringence and modal phase matching) the efficiency depends quadratically on the sample length L, which explains why the efficiency is normalized to L 2 in table 1. In the case of counterpropagating signal and idler, in contrast, the efficiency does not depend on L (of course with this reasoning optical losses are not taken into account). Another discriminating issue is the bandwidth of the generated signal; the counterpropagating geometry allows us to generate a spectrally narrow signal, which we emphasize as an important advantage compared with what is obtained in the copropagating geometry. We notice that the greater refractive index dispersion of semiconductor materials with respect to usual nonlinear crystals makes the phase matching resonance narrower in the semiconductor case. The bandwidth values obtained in this paper for the three configurations are in the same range as those obtained in [18] for PPLN.
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Another important characteristic for quantum information applications is the closeness of the generated photons to the Fourier transform limit. In the hypothesis of creation of a one photon state that is the coherent superposition of one photon states within the spectral width of the phase matching, we can find a rough estimate of this. For a 1 mm waveguide, taking into account the spectral width of the process and the emission time uncertainty due to the length of the sample, we find that photons are less than 1.5 times over the Fourier transform limit in the counterpropagating geometry, whereas in the copropagating geometry they are around 200 times over the Fourier transform limit.
Optical losses are another crucial characteristic our devices: in quantum optics applications, optical losses correspond to events of disappearance of one photon of the pair. The remaining photon is useless and becomes a source of noise. The method we generally use to measure propagation losses in semiconductor waveguides is based on Fabry-Perot transmission fringes, and is well established for single mode optical waveguides. We have recently proposed an extension of this technique to the case of multimode and tightly confining semiconductor waveguides [24] . This procedure involves Fabry-Perot measurements on a large spectral range, in order to find an interval where multimode effects do not alter the loss measurements. The validity domain of this method does not include form birefringent samples; the loss measurement reported in table 1 was obtained with a scattering technique using femtosecond pulses [25] .
For the three kinds of devices, optical ridges are defined by chemical etching; the high value of losses found in the counterpropagating geometry (1.4 cm −1 ) is due to a too high aluminium content of the structure: the natural Al oxidation induces higher losses and problems in the sample cleavage. A new structure with a lower Al content is actually under study and should give the same loss value as the one obtained for modal phase matching heterostructures. In form birefringent samples, the losses (1 cm −1 ) have two main origins: scattering (especially at the interface with the oxide) and two photon absorption. This loss level corresponds to a percentage of 'broken' pairs of 20% for a sample of length L = 1, mm and of 80% for L = 5 mm. In modal phase matched samples the losses are lower (0.1 cm −1 ); the measurement has been carried out on a non-doped sample. In this case the percentage of 'broken' pairs is 2% when L = 1 mm, and 10% when L = 5 mm.
In order to choose among the possible quantum optics experiments which could be performed with these sources, it is important to know the quantum state of the generated fields: in the case of form birefringence and modal phase matching, we could describe the emitted field state as | = dω S f (ω S )|ω S , TE |ω P −ω S , TM . This provides a pair of twin photons that can be used, for example, in single photon, quantum cryptography protocols (using the twin photon to trigger the detector) or in photon pair protocols (energy-time or time-bin entanglement).
In the case of counterpropagating photons the emitted field state is
In this case, the entanglement can be obtained for three variables: energy, momentum and polarization. More complex experimental set-ups (e.g. the illumination of the sample through an appropriate diffraction grating) allow one to directly obtain the Bell states [17] ; this would allow one to perform Bell's inequality tests on the photons emitted by this source. Finally, another important point for our devices is an analysis of how parameter variations in the structure (layer thicknesses, alloy composition, refractive indices) influence the parametric tuning curves. This analysis is important for any practical design, and to assess the tolerances in growth steps and in knowledge of the refractive indices.
The results given here are obtained by performing numerical simulations in the planar waveguide approximation, which is quite satisfactory as long as the ridge is wider than 5 µm.
For each of the three devices, we have looked for the most sensitive parameter for frequency conversion. In the case of form birefringent structures the thickness of GaAs layers has to be controlled most homogeneously: a 1% relative variation of the thickness induces a 6 nm shift of the pump wavelength at degeneracy [26] . Another crucial point for these structures is the precise knowledge of the Alox refractive index, which depends on the oxidation conditions (oxidation time and temperature, thickness of AlAs layers,...). A variation of 0.03 of this index can induce a shift of 10 nm from the degenerate pump wavelength. The modal phase matched structures are grown by realizing a superlattice; the MBE cells contain GaAs, AlAs and Al 0.25 Ga 0.75 As: all the alloys of the structure are blended by conveniently adjusting the flux of these cells. We have thus investigated the sensitivity of the structure to relative variations of thickness and concentration of the different layers, finding that the most critical parameter is the thickness of Al 0.25 Ga 0.75 As layers: a 1% variation of this parameter induces a 2.5 nm shift of the degenerate pump wavelength.
As regards the counterpropagating geometry our calculations show that the structure is very stable with respect to the variation of both thickness and composition of the layers; the most sensitive parameter is aluminium concentration: as an example, a relative variation of 5% induces a variation in the signal wavelength of 0.1%, for an angle of incidence of 20
• . In conclusion, in this paper we have illustrated our recent advances in the realization of twin photon semiconductor sources. Three kinds of sources have been presented and compared; their different characteristics allow us to choose the most well adapted device, according to the application envisaged.
